Avian pathogenic Escherichia coli (APEC) is an important respiratory pathogen of poultry. Various virulence factors are responsible for determining the pathogenicity of these strains, and it is commonly believed they are encoded on large plasmids the strains carry. This study examined a series of strains, the pathogenicity of which had previously been determined by aerosol exposure, for possession of large plasmids and found all isolates carried at least one large plasmid, regardless of the level of virulence. Virulence-associated genes carried on these plasmids were also examined, and it was shown that highly virulent strains carried at least four virulence-associated genes on their largest plasmid. Two of the virulence-associated genes were shown to be chromosomally located in a strain of intermediate virulence, while no virulence-associated genes were carried by the low-virulence strain. The organization of the virulence-associated genes was shown to be highly conserved among APEC isolates of high virulence, supporting the concept of a conserved portion of the putative virulence region that contributes to the pathogenicity of APEC strains.
Avian pathogenic Escherichia coli (APEC) strains cause respiratory disease and septicemia in poultry and are economically important worldwide, causing significant mortality (13) . The carriage of large plasmids is considered characteristic of APEC isolates (8) , and pathogenicity is thought to be determined by virulence-associated factors encoded by them (15) . These factors include serum resistance, encoded by the iss gene (14) , temperature-sensitive hemagglutination, encoded by tsh (10) , adhesins, the production of colicin V (ColV) and the possession of iron-scavenging mechanisms, such as aerobactin production (encoded by the iucABCD operon), and the more recently identified putative iron transport system encoded by the etsABC operon (18) .
Another iron acquisition system found in APEC utilizes salmochelin, a catecholate siderophore. The chromosomal iroA gene cluster that encodes this system was first found in Salmonella enterica (2) and is absent from the corresponding region of the E. coli chromosome (32) , although it has been found on a transmissible plasmid from a uropathogenic E. coli isolate (34) . The iroA gene cluster has been found on multiple APEC virulence plasmids (9, 17, 18, 37) , and deletion studies have shown that the iroA gene cluster is required for full virulence (9) .
A further iron transport system, designated the sitABCD system, was first identified on a pathogenicity island in Salmonella enterica serovar Typhimurium (39) , and it has been shown that sitABCD is required for full virulence of Salmonella serovar Typhimurium (16) . Genomic subtraction identified the plasmid-located sitA gene from the sitABCD operon as unique to an APEC strain (32) , and the sitA gene was found to be more prevalent in APEC than in commensal E. coli (18, 29, 32) .
The sitABCD operon occurs on APEC virulence plasmids (17, 18, 30, 37) , but a sitABCD deletion mutant was still pathogenic for birds, suggesting that other iron transport systems are able to compensate for the loss of sitABCD (30) .
The carriage of ColV plasmids has previously been thought to be essential for virulence (3, 33, 38) . However, other studies have suggested it is not the presence of the ColV gene itself but other genes that these plasmids carry that are responsible for virulence (28, 35) . The well-characterized APEC virulence plasmids pAPEC-O2-ColV (18) and pAPEC-1 (9) encode ColV, while carriage of the Australian APEC virulence plasmid pVM01 does not confer production of ColV (12) . Despite various ColV statuses, all three of these virulence plasmids are F-type plasmids, and hence this is potentially another way to characterize APEC virulence plasmids.
SopA and SopB, which have similarity to the ParA and ParB proteins of the P1 plasmid, are thought to be essential for F-plasmid partitioning (22, 24) . Detection of the genes of the sopABC locus could thus indicate the presence of a putative virulence plasmid.
Strain E3 is an O-nontypeable:H28 APEC field isolate (11) that carries the 151-kb virulence plasmid pVM01 (12) , which contains a virulence region with the virulence-associated genes iucA, tsh, iss, iroN, and sitA, as well as hlyF, ompT, and the etsABC operon (37) . The arrangement of the virulence-associated genes around pVM01 (37) is similar to that in the plasmids pAPEC-O2-ColV from APEC strain O2 (18), pAPEC-O1-ColBM from APEC strain O1 (17) , and pAPEC-1 from APEC strain 7122 (23) . Identifying a specific region that is conserved in highly virulent APEC strains will facilitate diagnosis of colibacillosis by differentiation of pathogenic strains from commensal E. coli and will also enable surveillance for pathogenic isolates in the environment of poultry.
This study examined six E. coli strains, some of which were isolated from diseased birds and some of which were recovered from healthy birds (11, 36) . The pathogenicity of these strains has been determined using aerosol exposure (11, 36) , making this the largest known collection of APEC strains fulfilling Koch's postulates. The series of strains includes the highly virulent strains E3, E30, and E956 and the less-virulent strains E133, E1043, and E1292. The presence of the virulence-associated genes iucA, tsh, and iss in these strains has previously been elucidated by PCR amplification (36) . However, while previous studies have found many of these virulence factors to be encoded by APEC strains associated with disease (29) and have suggested that they are encoded on virulence plasmids (18), they have not conclusively determined whether they are encoded on virulence plasmids or are chromosomally encoded. Similarly, although previous studies suggest that these virulence-associated genes are consistently present in isolates from diseased birds (1, 6, 18, 21, 26, 29) , no study has yet determined if these genes are consistently associated with each other.
The aim of this study was to examine a series of strains of known pathogenicities for the possession of large plasmids and to determine if known virulence-associated genes from the putative virulence region were carried on them. The second objective was to investigate any association between the virulence-associated genes.
MATERIALS AND METHODS
Bacterial strains. The E. coli strains used in this study were the field isolates E3, E30, E133, E956, and E1043 (11), E1292 (36) , and derivatives of strain E3 with different combinations of plasmids (12) . The pathogenicities of the strains were determined previously using aerosol exposure (11, 36) . The plasmid profiles, virulence genes, and morbidity rates of birds exposed to the strains are shown in Table 1 . All strains were grown in LB broth or on LB agar at 37°C overnight.
Preparation of plasmid DNA. Plasmid DNA was prepared using the Qiagen Plasmid Midi kit as recommended by the manufacturer. The modifications recommended to obtain higher yields of low-copy-number plasmids were used. Plasmids were separated by pulsed-field gel electrophoresis (PFGE).
Preparation of genomic DNA. Genomic DNA from avian E. coli strains was prepared by phenol-chloroform extraction (31) .
Restriction endonuclease digestion of plasmid and genomic DNA. Digestion of plasmid and genomic DNA from avian E. coli strains with HindIII was carried out according to the manufacturer's instructions (New England Biolabs). The digested DNA was separated by PFGE.
PFGE. PFGE was carried out using a Chef-DR III system (Bio-Rad). Plasmids were separated in 1.0% (wt/vol) DNA-grade agarose (Progen) in 0.5ϫ TBE buffer (1ϫ TBE is 90 mM Tris, 90 mM boric acid, and 2 mM EDTA). A lambda ladder (Bio-Rad) and HindIII-digested lambda DNA were used as molecular weight standards. Electrophoresis was carried out at 6 V/cm with an included angle of 120°for 20 h with a switch time of 1 to 20 s to separate plasmids. Electrophoresis of smaller restriction endonuclease digestion fragments, of both plasmid and genomic DNA, was carried out for 3 h at 9 V/cm with a switch time of 0.1 s. Gels were stained in 1ϫ TBE containing 0.5 mg ethidium bromide ml
Ϫ1
for 30 min and then destained in distilled water for 30 min. DNA was visualized by UV transillumination.
PCR. The virulence-associated genes sitA, iroB, and sopAB were amplified by PCR using the primers listed in Table 2 . Amplification was performed using 1.25 U of Taq DNA polymerase (Promega) in a 25-l reaction mix containing 1ϫ Mg-free buffer, 2 mM MgCl 2 , 200 M of each deoxynucleoside triphosphate, and 1 M of both the forward and reverse primers. PCRs were inoculated with colonies picked from freshly streaked plates with a straight wire. The reaction mixtures were incubated at 95°C for 4 min, 30 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 30 s, and a final extension at 72°C for 7 min, using a Bio-Rad iCycler PCR thermocycler. PCR products were separated in 2% (wt/vol) agarose gels containing 0.5ϫ TPE (1ϫ TPE is 30 mM NaH 2 PO 4 ⅐ 2H 2 O, 36 mM Tris, and 1 mM EDTA) buffer and 0.1 g of ethidium bromide ml Ϫ1 by electrophoresis at 4.5 V/cm for 1 to 2 h. Hyperladder IV (Bioline) was used as a molecular weight marker. Southern blot hybridization. Following PFGE of plasmids or digested plasmid and genomic DNA, DNA was transferred from the agarose gels to a nylon membrane (Hybond-Nϩ; Amersham) using the method described by Sambrook et al. (31) . Hybridization probes were constructed as described previously (36) . Briefly, 25 ng of gel-purified PCR product derived from the virulence-associated genes (iss, iucA, tsh, sitA, iroB, or sopAB) in pVM01::TnphoA DNA was labeled with [␣-32 P]dATP (Perkin Elmer) using a random priming DNA labeling kit (Roche). Prehybridization and hybridization were carried out in Church buffer (0.5 M Na 2 HPO 4 [pH 7.4], 7% sodium dodecyl sulfate, 1 mM EDTA, 1% bovine serum albumin) (4) overnight at 58°C. Membranes were washed in 2ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) and 0.1% sodium dodecyl sulfate at 58°C three times for 20 min each and exposed to Kodak BioMax MS film at Ϫ80°C.
Long-range PCR amplification. Regions between the virulence-associated genes were amplified using PCR and the primers listed in Table 3 . For regions less than 5 kb in size, amplification was performed using 0.5 U Platinum Taq high-fidelity DNA polymerase (Invitrogen) in a 50-l reaction mixture containing 1ϫ high-fidelity PCR buffer, 2 mM MgSO 4 , 100 M of each deoxynucleoside triphosphate, and 500 nM of each primer. The PCR mixture was incubated in a Bio-Rad iCycler PCR thermocycler at 94°C for 2 min, followed by 25 cycles at 94°C for 30 s, 55°C for 30 s, and 68°C for 45 s, and then finally at 68°C for 7 min. The Expand long-template PCR system (Roche) was used to amplify regions predicted to be larger than 5 kb. PCR amplifications were performed according to the manufacturer's instructions using a Bio-Rad iCycler PCR thermocycler. Long-range PCR products were visualized by agarose gel electrophoresis.
Restriction endonuclease digestion of long-range PCR products. Restriction endonuclease digestion of long-range PCR products with HindIII was carried out according to the manufacturer's instructions (New England Biolabs). The digested DNA was separated by agarose gel electrophoresis. a Proportion of aerosol-infected birds that developed air sac lesions as previously determined (12, 36) .
b Identified by PCR amplification. Virulence-associated genes hybridized to the underlined plasmids except those genes indicated by an asterisk, which did not hybridize to any of the isolated plasmids but did hybridize to digested genomic DNA. 
PCR amplification of virulence genes.
The presence of the virulence-associated genes iucA, tsh, and iss in the strains has been elucidated previously by PCR amplification (36) . Each of the strains in the series was examined for the presence of the virulence-associated genes sitA, iroB, and sopAB by PCR amplification. The sitA gene from the sitABCD operon was amplified from strains E3, E30, E133, E956, and E1292. The iroB gene of the iroA gene cluster was amplified from strains E3, E30, E133, and E956, whereas sopAB was amplified from strains E3, E133, E956, and E1292. The virulence-associated genes sitA, iroB, and sopAB were amplified from strain E3 and from derivatives that carried pVM01 but not from the E3 derivatives that lacked pVM01. This indicated that the sitA, iroB, and sopAB genes were carried on the virulence plasmid pVM01 and not the chromosome of strain E3.
Isolation of plasmids from strains. Plasmid DNA was prepared from each of the strains and separated by PFGE. Two large plasmids were identified in all of the strains except E956, which carried only one large plasmid. These large plasmids were all of sizes similar to those of the three largest plasmids of strain E3 (pVM01, pVM02, and pVM03) (Fig. 1) .
Hybridization of virulence-associated genes to plasmids of strains. A Southern blot of the separated plasmids ( Fig. 1) was probed with each of the six virulence-associated genes to determine whether they were carried by any of the plasmids. Since pVM01 was known to carry all six virulence-associated genes, it was used as an internal control.
As expected, all six virulence-associated genes hybridized to the largest plasmid, pVM01, in strain E3. None of these genes hybridized to any of the other plasmids of strain E3. The virulence-associated genes iucA, iss, sitA, and iroB hybridized to the largest plasmid of strain E30, while iss, sitA, iroB, and sopAB hybridized to the largest plasmid of strain E133. All the virulence-associated genes except tsh hybridized to the largest plasmid of strain E956, but none of the virulence-associated genes hybridized to plasmids from strain E1043. Only the sopAB probe hybridized to a plasmid from strain E1292, and this was to the second-largest plasmid. PCR amplification has shown that E1292 contained the virulence-associated genes iucA (36) and sitA, but these genes did not hybridize to either of its plasmids. This suggested that these virulence-associated genes may be chromosomally located in strain E1292.
Chromosomally located virulence genes. To establish whether the virulence-associated genes iucA and sitA were chromosomally located in E1292, genomic DNA preparations from the six strains, along with plasmid DNA, were digested with HindIII and the resultant fragments were separated by PFGE. Southern blot hybridization showed that the iucA and sitA FIG. 1. Plasmids purified from six strains of known pathogenicity. All strains contained at least one large plasmid, irrespective of virulence. The four large plasmids known to be carried by strain E3 are indicated (pVM01 to pVM04). Smaller plasmids (Ͻ48.5 kb) can also be seen in all isolates.
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on December 20, 2017 by guest http://jcm.asm.org/ probes hybridized to the genomic DNA of E1292 but not to the digested plasmid DNA of the same strain, proving that these genes were carried on the chromosome in strain E1292. Arrangement of virulence-associated genes. The arrangement of the virulence genes in pAPEC-O2-ColV (18), pAPEC-O1-ColBM (17), pAPEC-1 (23), and pVM01 (37) appears to be quite similar, suggesting that the arrangement of the virulence genes in virulence plasmids of APEC may be somewhat conserved. This was examined in the strains using PCR to amplify regions between the virulence-associated genes. Strain E3, carrying pVM01, was used as a control for all PCRs. The orientation and location of the genes in pVM01 and the expected size of the PCR products are shown in Table 3 .
The sizes of PCR products amplified from strain E3 were as predicted. The 2.8-kb iucA-sitD PCR product was amplified only from strains E3 and E956. The 8.3-kb etsC-iss PCR product was amplified only from E3 and E133. The 3.5-kb sitA-repA PCR product was amplified from strains E3, E133, and E956. The 4.3-kb iss-iroB PCR product was amplified from E3 and from three other strains, E30, E133, and E956. However, PCR products of various and different sizes from those of products from E3 were amplified from strains E30, E133, and E956 in the iroN-cvaA PCR assay. Products of 4.5 kb were amplified from both E30 and E956, while two PCR products were amplified from E133 using this assay, one of approximately 9 kb and the other of 3 kb. The product from E3 was 8 kb. These results are summarized in Fig. 2 .
Restriction endonuclease digestion of PCR products. PCR products were subjected to restriction endonuclease digestion with HindIII, and the digested DNA was separated by continuous-field agarose gel electrophoresis. PCR products of the same size from different strains produced fragments of the same size after digestion with HindIII. However, the iroN-cvaA PCR products, which varied in size, resulted in fragments of differing sizes after digestion. Digestion of the iroN-cvaA PCR product from E3 resulted in three fragments of 1,231 bp, 1,743 bp, and 5,051 bp, as predicted from the pVM01 DNA sequence. Digestion of the PCR products amplified from E30 and E956 resulted in two fragments, one of 3,500 bp and the other of 1,231 bp, similar in size to one of those obtained from E3. The products from E133 yielded three restriction endonuclease cleavage products, the largest being 6,500 bp and the smallest 1,743 bp, similar to one of those generated from E3, and the third 3,500 bp, similar to that obtained from products from E30 and E956.
DISCUSSION
The genes iss and tsh and the aerobactin operon have been associated with virulence in APEC for many years (10, 14) , and it has also been suggested that virulence of APEC is mediated by the large plasmids they carry (8, 12, 15) . Recent studies have investigated the genes carried on these virulence plasmids (17, 18, 36) . This is the first study to look beyond PCR amplification to identify genes carried by both virulent and avirulent strains of E. coli isolated from birds.
All the strains except the nonpathogenic strain E1043 were found to carry the virulence-associated gene sitA, suggesting that the sitABCD operon may play a key role in virulence. The gene iroB was detected in E3, E30, E133, and E956. These were the same intermediately or highly virulent strains that were found to carry the iss gene, suggesting that iroB may also play a significant role in virulence. The sopAB genes were amplified only from strains E3, E133, E956, and E1292, suggesting that strains E30 and E1043 did not carry an F-type plasmid. All six strains, which were isolated from both diseased and healthy birds and ranged from nonpathogenic to highly pathogenic, were found to carry at least one large plasmid. This is consistent with the published observations of Doetkott et al. (8) , who found that possession of large plasmids did not appear to correlate with capacity to cause disease.
All the virulence-associated genes were found to be plasmid borne, with the exception of the iucA and sitA genes in E1292. It is possible that the chromosomally located genes iucA and sitA could be located on a pathogenicity island in strain E1292. Pathogenicity islands have been found in the APEC strain Ec222 (25) and APEC O1 (20) , and genes encoding the synthesis and transport of aerobactin have previously been found on an island in a strain of Shigella boydii (27) . A previous study found genes for aerobactin production to be chromosomally located in 3 E. coli isolates and plasmid carried in another 20 isolates (5), while in APEC strain O1, the sitABCD operon occurs on pAPEC-O1-ColBM and also in its chromosome (17) .
The most prevalent virulence genes, iucA, sitA, iss, and iroB, were carried on the largest plasmid in the three strains of highest virulence. This was also seen in strain E133, except that this lower-virulence strain did not contain the iucA gene. Since the avirulent strain E1043 did not carry any of these virulenceassociated genes, the findings reinforce previous suggestions of the contribution of these virulence-associated genes to the pathogenicity of APEC strains (32, 36) .
Isolates that contained sopAB also carried the virulenceassociated gene sitA, but not all isolates carrying sitA were found to carry sopAB. F-type plasmids, as determined by possession of sopAB, that also bear other virulence-associated genes were carried by the two most virulent APEC strains.
The next most virulent strain, E30, had most of the virulence-associated genes but did not contain sopAB and thus presumably did not carry an F-type plasmid. This suggests that identification of sopAB alone is not a reliable indicator of carriage of a virulence plasmid and hence it should not be considered a virulence-associated gene.
All the strains previously found to carry the virulence-associated gene iss were also found to contain iroB, suggesting these two putative virulence factors may be closely associated with each other. Further examination of this association by amplification of the region between iss and iroB generated a 4.3-kb product from strain E3. The same-size product was consistently amplified from all strains carrying these two genes, providing further evidence that the genes are closely associated with each other.
APEC virulence plasmids appear to be similar throughout the world, with similar gene arrangements found in the putative virulence region of three APEC plasmids from the United States (17, 18, 23) and in the Australian APEC plasmid pVM01 (37) . Comparing the putative virulence regions in six APEC strains of known pathogenicity by PCR amplification showed that the arrangements of many of these genes are conserved in different strains.
The 3.5-kb sitA-repA PCR product amplified from pVM01 was the only region examined in this study that would not be amplified from pAPEC-O2-ColV. In this plasmid (18) , the IS1-flanked region containing the aerobactin and sitABCD operons was in the opposite orientation to that seen in pVM01, and thus, the gene adjacent to repA is iutA. However, as observed in pVM01 (37) , sitA lies adjacent to repA in the other fully sequenced APEC virulence plasmid, pAPEC-O1-ColBM (17) . The presence of inverted IS1 elements bracketing this region in both pAPEC-O2-ColV and pAPEC-O1-ColBM offers an explanation for the differing orientations of this region within the virulence plasmids.
APEC strain E30 carried both iucA and sitA on its largest plasmid, but no PCR product was amplified using the iucA-sitD primer pair. This could be explained if the sitABCD operon is not complete or if the two operons are in an orientation different from that seen in pVM01, although the aerobactin and sitABCD operons are consistently found in the same orientation as in the sequenced pVM01 (37) in both pAPEC-O1-ColBM (17) and pAPEC-O2-ColV (18) . Similarly, although it contained sitA, the sitA-repA PCR product could not be amplified from E30. Since sopAB was not detected in E30, its largest plasmid may not be an F-type plasmid, explaining the absence of the RepFIB replicon gene.
Both E30 and E956 carried the iss gene on their largest plasmid, but the etsC-iss product could not be amplified from either strain. This could be accounted for if both strains lack the putative ABC transport system encoded by etsABC or if they are found on the plasmids in an orientation different from that seen in pVM01 and pAPEC-O2-ColV. This is seen in pAPEC-O1-ColBM, in which the etsABC genes are adjacent to the RepFIB gene repA (17) .
Apart from the 8.3-kb etsC-iss PCR product, all the regions amplified from E3 were also amplified from the highly virulent E956 strain, indicating that the arrangement of virulence-associated genes on the largest plasmid of E956 is very similar to that on pVM01. Similarly, the arrangement of the virulenceassociated genes in strain E133 was found to be very similar to that on pVM01, except that strain E133 lacked the virulenceassociated gene iucA, which may account for its lower pathogenicity. This may be indicative of the evolution of the virulence region found on APEC plasmids by addition or deletion of specific segments bracketed by IS elements.
Although the variable portion of the putative virulence region surrounding the tsh gene is found in pAPEC-O2-ColV, pAPEC-O1-ColBM, pAPEC-1, and pVM01, tsh was not found in the other five strains (36) .
The 8-kb PCR product amplified from E3 in the iroN-cvaA PCR was not obtained from any of the other strains, in direct contrast to a previous suggestion that the putative virulence region is conserved through to the cvaB gene (18) , suggesting it may be conserved only as far as the iroA gene cluster. However, the products from the three most virulent strains yielded a restriction endonuclease cleavage fragment of approximately 1,231 bp. This suggests that although the sequence between iroN and cvaA varied between the strains, possession of this 1,231-bp fragment may be associated with virulence. The corresponding nucleotide sequence was identified in pVM01 and was found to encode the end of the IroN protein and a hypothetical protein (CAC43413). Interestingly, this hypothetical protein is also found in uropathogenic E. coli strain 536 (7), VOL. 47, 2009 PLASMID-ASSOCIATED VIRULENCE GENES OF APEC 2517
on December 20, 2017 by guest http://jcm.asm.org/ providing further evidence of the similarity between virulence determinants of APEC and uropathogenic E. coli. Further evidence that the virulence-associated regions are conserved between APEC isolates was provided by the restriction endonuclease digestion patterns of the PCR products. With the exception of the iroN-cvaA PCR products, which varied in size, the PCR products, ranging from 2.8 to 8.3 kb, from six field isolates were found to have the same restriction endonuclease cleavage sites.
Furthermore, a recent study by Johnson et al. has shown they can predict virulence of APEC strains by the presence of five genes, iroN, ompT, hlyF, iss, and iutA (19) , all of which are present in the conserved virulence region, thereby validating the current findings.
The purported conserved virulence region may be similar to pathogenicity islands, and mobility of this region would be consistent with its presence not only in F-type plasmids but in other types of plasmids, as was seen in strain E30, and in the chromosome, as seen in strain E1292.
Thus, it appears that in highly virulent APEC strains, the majority of the virulence-associated genes are present and are carried on a single plasmid and that in strains of lower virulence some of the virulence-associated genes may be present and may be either plasmid or chromosomally carried, while in avirulent strains the virulence-associated genes are absent. When present on these large virulence plasmids, the virulenceassociated genes seem to be closely associated with each other and the sequences surrounding them appear to be well conserved in different APEC strains, even those from geographically distinct regions. The findings of this study support the concept of the "conserved portion of the putative virulence region" derived from gene prevalence studies of APEC isolates (18) and suggest a common ancestor for these virulence plasmids in APEC.
